Direct Measurement of Quantum Dot Spin Dynamics 
using Time-Resolved Resonance Fluorescence 
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We temporally resolve the resonance fluorescence from an electron spin confined to a single self- 
assembled quantum dot to measure directly the spin's optical initialization and natural relaxation 
timescales. Our measurements demonstrate that spin initialization occurs on the order of microsec- 
onds in the Faraday configuration when a laser resonantly drives the quantum dot transition. We 
show that the mechanism mediating the optically induced spin-flip changes from electron-nuclei 
interaction to hole-mixing interaction at 0.6 Tesla external magnetic field. Spin relaxation measure- 
ments result in times on the order of milliseconds and suggest that a B""" magnetic field dependence, 
due to spin-orbit coupling, is sustained all the way down to 2.2 Tesla. 

PACS numbers: 78.67.Hc; 72.25.Rb; 71.35.Pq; 71.70.Jp 



Single spins confined in semiconductor quantum dots 
(QDs) interact with nearby charge, spin and phonon 
reservoirs in their solid state environment. Signatures of 
these interactions are imprinted on the spin's dynamics 
and elucidating the time scales relevant for these cou- 
plings is not only interesting from the perspective of 
mcsoscopic physics, but is also important in assessing the 
potential of a QD electron spin as a qubit in quantum 
information science Driven by these motivations a 
number of studies have begun to quantify both spin relax- 
ation and decoherence time scales 0, H, 0,13, 0,0, 
For spins confined in optically active semiconductor QDs, 
there is an additional timescale, namely the optically in- 
duced spin-flip time Tp - the time an optical field can 
recycle a spin-selective dipole transition before a spin- 
flip event is induced. 

In this Letter, we present a direct n-shot measurement 
of spin dynamics in a single self-assembled QD due to 
coupling to both an optical field and the QD environ- 
ment in the Faraday configuration. We study the explicit 
dependence of the optically induced spin-flip rate on the 
properties of the optical field and identify the magnetic 
field value where the mechanism mediating the spin-flip 
changes from ground-state mixing, due to electron-nuclei 
coupling, to excited-state mixing, due to hole spins. We 
further demonstrate that the natural spin relaxation rate, 
without the influence of an optical fleld, can vary more 
than two orders of magnitude following the magnetic field 
dependence expected from spin-orbit interaction induc- 
ing a ground-state spin admixture H , ■ Finally, we 



discuss briefly the prospect of time resolved resonance flu- 
orescence in the context of single-shot read-out of spins 
in quantum dot systems. 

The InAs/GaAs quantum dots studied in this work 
were grown by molecular beam epitaxy (MBE) and em- 



bedded in a Schottky diode heterostructure; the details of 
the device can be found in Ref. Such devices allow 

for deterministic charging of QDs and we consider only 
the relevant ground and excited states for a single elec- 
tron charging under magnetic field in the Faraday conflg- 
uration, which can be understood by the 4-level system 
illustrated in the inset of Fig. 1(b). In this representa- 
tion the single electron ground states are spin down \l) 
or spin up jl). The two trion excited states consist of an 
electron singlet and a single hole - depicted as ITifl) and 
It -II-)- The magnetic field lifts the zero field degeneracy 
between the two X^" transitions resulting in a blue (red) 
shift for the It) ^ Ititr) (li) transition. These 

transitions are dipole allowed with a spontaneous emis- 
sion rate of ~ 27r x 250 MHz. The |t) ^ |tifr) transition 
is normally forbidden due to the conservation of total 
angular momentum, but weak interactions of QD spins 
with the environment relax the optical selection rules and 
result in a weak spontaneous emission rate 7 << F. As 
a result resonant optical excitation of the blue (or red) 
transition can flip the spin of the ground state electron 
- a process we refer to as an optically induced spin flip 
(lit - The rate indicates direct spin-flip transitions 
between the electronic ground states |t) ^ |t) without 
the influence of an optical fleld and can vary orders of 
magnitude as a function of external parameters such as 
magnetic and electric fleld. 

For the measurements reported here, the tran- 
sition is driven by a linearly polarized, frequency and 
power stabilized, single mode laser. The integrated res- 
onance fluorescence (RF) [H, El collected back through 
the focusing objective passes through a second linear po- 
larizer (orthogonal to the laser polarization) prior to be- 
ing sent to an avalanche photodiode (APD). In Fig. 1(a) 
the grey circles fit by the red curve present an exemplary 
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Figure 1: (Color online) (a) The integrated resonance fluores- 
cence (grey circles) from the transition as a function of 
laser detuning. The laser power is 0.2 times the spontaneous 
emission rate and there is no external magnetic field. Each 
data point corresponds to 300 ms of integration. The blue 
squares indicate the background level when the transition is 
far detuned via gate voltage, (b) Two-dimensional DT map 
under 350 mT magnetic field. Inset: The reduced 4-level 
scheme for a deterministically charged QD. (c) One cycle of 
the protocol for measuring the optically induced spin-fiip rate, 
(d) TRRF signal obtained at the three voltage-frequency con- 
ditions highlighted in panel b. 



integrated RF spectrum as the laser frequency is swept 
across the transition. The blue squares in Fig. 1(a) 
display the background, i.e. the same measurement when 
the QD transition is Stark-shifted out of resonance. For 
this measurement, the RF signal-to-background ratio is 
18 : 1 and the signal-to-noise ratio is 160 : 1 allowing for 
real-time transition monitoring at higher bandwidth in 
comparison to other optical techniques such as differen- 
tial transmission. 

To investigate the spin dynamics of the confined elec- 
tron, we apply a magnetic field in the Faraday configu- 
ration. Figure 1(b) displays a 2-dimensional map of the 
differential transmission signal of the blue trion transi- 
tion at 350 mT magnetic field for the full single electron 
charging plateau. In order to obtain a high precision mea- 
sure of the optically induced spin-flip timescale Tp, we 
resort to an n-shot measurement of the integrated reso- 
nance fluorescence spectrum. The details of one measure- 
ment protocol cycle are presented in Fig. 1(c), where the 
first trace indicates the gate voltage controlled charging 
state of the QD alternating between zero and one excess 
electron. The second trace indicates the laser amplitude, 
where the blue-shifted Zeeman transition is excited when 
the laser is on. The third trace is the APD detection 



window. We access the time dynamics of the integrated 
RF spectrum by recording APD counts during a 0.1-2 
fis time window which is scanned across the on-window. 
We repeat this cycle '^1x10^ times for all presented data. 
Background counts are subtracted for each cycle by far- 
detuning the transition. 

Figure 1(d) presents time-resolved resonance fluores- 
cence (TRRF) measurements for 3 different combinations 
of laser frequency and gate voltage highlighted as A, B 
and C in Fig. 1(b). The red curve decorated with red 
squares is from location A at the center of the cotunnel- 
ing region of the charge-stability plateau. In this region, 
strong cotunneling with the Fermi sea of the back con- 
tact randomizes the confined electron spin and mitigates 
any spin-pumping. Consequently, there is no observable 
temporal dependence in the emitted photon stream. The 
disappearance of DT signal at location B was previously 
used to identify efficient spin pumping resulting from op- 
tically induced back-action and the absence of any mech- 
anism leading to appreciable spin heating during the time 
scales accessible to a DT measurement [itI [isj . Neverthe- 
less, the transition still generates a photon stream, like a 
recycling transition, until a single Stokes photon is emit- 
ted [l^. The blue curve decorated with blue circles in 
Fig. 1(d) presents TRRF data from this location. Here, 
the transition initially generates the same photon counts 
but the signal vanishes exponentially within a few mi- 
croseconds. This timescale is to be interpreted in two 
ways: From the perspective of state preparation, it takes 
a few lis to initialize the electron spin. Alternatively, the 
transition can be recycled for a few ^s before laser in- 
duces an unwanted spin-flip event. Identifying the physi- 
cal mechanisms that lead to this observation is thus of in- 
terest from both perspectives. Finally, the TRRF signal 
at location C displays the intermediate dynamics: The 
initial exponential decay due to optical spin pumping is 
still present, but the signal saturates at a constant value 
determined by the ratio of spin pumping and cotunneling 
rates. In this case, the cotunneling rate is 27r x 37 KHz. 

Next, we analyze how the excitation Rabi frequency in- 
fluences Tp at a flxed magnetic field. The state mixing for 
fixed magnetic fields yields a branching ratio 77, defined 
as 7/(r -|- 7) which quantifies the number of pho- 
tons cycled by the transition before the electron flips its 
spin. With a fixed branching ratio, the optically induced 
spin-flip rate is determined by the population in the ex- 
cited state Itifr)- Consequently, the spin pumping rate is 
expected to increase with excitation Rabi frequency un- 
til it reaches a saturation value. The inset of Fig. 2(a) 
displays a log-plot of the TRRF signal obtained for three 
excitation powers for the gate voltage and laser frequency 
combination labeled B in Fig. 1(b). The black squares in 
Fig. 2(a) are the extracted optical spin pumping rates per 
excitation power. In the limit where the Rabi frequency 
is much larger than the spontaneous emission rate, the 
spin flip rate saturates at a rate of 2tt x 200KHz. 
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Figure 2: (Color online) (a) The extracted spin-flip rate from 
TRRF measurements for a range of laser powers when the 
laser is resonant with the transition. The saturation 

power is 18.7 nW. inset: A log-plot of TRRF signal for 3 
laser powers, (b) The magnetic field dependence of the spin- 
flip rate for a fixed laser power of 60 nW. The lowest mag- 
netic field value of 200 mT is selected to ensure the electronic 
ground states are split by ~1.5 GHz which is 3 times the 
transition linewidth. 



To elucidate the physical mechanisms which mediate 
the optical induced spin-flip, we study the magnetic field 
dependence of Tp. The laser power is set well above the 
saturation power and the laser fi'equency and gate volt- 
age are fixed at the position equivalent to B in Fig. 1(b) 
for each magnetic field value. Figure 2(b) presents the 
magnetic field dependence of Tp. Each data point is ex- 
tracted from TRRF measurements that map out the de- 
tuning dependence of the spin pumping rate (see supple- 
mentary information) in order to ensure that all measure- 
ments are obtained on resonance with the transition in 
the spin-pumping region. The fitting curve includes the 
functional dependence on magnetic field of two dominant 
mechanisms that mix the spin states coherently, namely 
the hyperfine interaction and the heavy-light hole mixing. 
In the low magnetic field limit, the hyperfine interaction 
efficiently mediates the spin-flip process and results in a 
quadratic variation of the spin-flip time with applied ex- 
ternal magnetic field according to {B^ / BextY ■ Whereas, 
for magnetic fields beyond 0.6 T, hole mixing mediates 
the spin-flip process and is independent of external mag- 
netic fleld. The theoretical curve is obtained using an 
RMS nuclear fleld of 15 mT. The corresponding heavy- 
light hole mixing strength is |e;ii| ~ 2.8% for the QD 
presented here|19|, which is within the estimated range 
based on previous reports using differential transmission 
measurements 0, [2l[ . We do note that the value of hole- 
mixing strength will vary among QDs due to the shape 
anisotropy and the large variation of hole-spin g-factor. 

We now present measurements of the natural spin dy- 
namics directly between the two ground states. The pro- 
tocol for measuring the spin relaxation is illustrated in 
Fig. 3(a). The laser is turned on for 50/is at the be- 
ginning of each cycle, to ensure spin initialization into 
I J,), then the electron is left in the dark for a waiting 



Figure 3: (Color online) (a) One cycle of the protocol for 
measuring the spin relaxation timescale. We highlight that 
at the end of the on-window there is an additional pulse sent 
to the QD gate (not shown). This artificially but determin- 
istically recycles the QD electron spin and recovers the ex- 
pected steady-state signal value as determined by the Boltz- 
mann statistics and allows a higher accuracy in theoretical 
fits, (b) Exemplary TRRF measurements of the spin relax- 
ation timescale for two magnetic field values, (c) The ex- 
tracted spin relaxation time T^^ (red squares) as a function of 
magnetic field. The red curve is the best fit B^^ dependence. 



time spanning 0-20 msec. The laser is then turned back 
on for 5^s coinciding in time with the detection win- 
dow. The set of time traces in Fig. 3(b) shows the 
measured signal recovery for two magnetic fleld values. 
Initially, the electron still resides in the dark spin down 
state II) and no photon scattering occurs. As time pro- 
gresses, and the probability that the electron has flipped 
its spin orientation increases, the probability to scatter 
photons also increases. Using the functional dependence 
of ~ a(l — e~*^'^'ff) we extract a corresponding ef- 
fective spin-flip time per magnetic fleld. Here, Te// = 
TuTu/iTn+Til) foUowing {Ti^/T^i) = e^-^^^^BB/k,T) ^ 
where is the electronic g-factor. The highest measured 
Teff of 17.3 ms at 2.2 Tcsla corresponds to a time of 
31.3 ms. The red curve in Fig. 3(c) displays a close agree- 
ment with the B~^ magnetic fleld dependence expected 
for spin relaxation due to single-phonon assisted spin or- 
bit coupling [221 ■ This power dependence indicates that 
the spin-orbit interaction inducing an admixture of elec- 
tronic ground and excited states is the dominant mecha- 
nism even in the case of kpT > ge^sB. This mechanism 
depends strongly on the electron orbital wavcfunctions 
and gate- voltage control of the confinement potential can 
modify the spin relaxation rate in electrostatic QDs [l^l ■ 
In self-assembled QDs, a similar correlation between the 
magnitude and orientation of the X-Y splitting of the 
neutral cxciton and the spin relaxation rate can be in- 
vestigated using this technique. The X-Y splitting for 
the QD studied here is 22 /leV, twice the mean value of 
a QD ensemble psj . 

While n-shot measurements were employed to record 
spin initialization and relaxation processes, it is of great 
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interest to quantify the shortest time needed to identify 
with sufficient fidehty, whether we are probing on reso- 
nance or off resonance. In Fig. 4 we present 100 ms worth 
of real time RF counts with a 50/xs time bin; for data on 
10/iS and 30/iS time bins we refer to the supplementary 
information. The first 50 ms time trace is obtained when 
the trion transition is resonant with the excitation laser 
at ~10 times the saturation power. The second 50 ms 
part is obtained when the transition is far off resonance 
with the laser dictating the overall background level. The 
magnetic field is set to zero in order not to obscure the 
measurements with spin pumping. The read-out error is 
defined as e = ^(eon + ^o//) [20|, where eo„ (eo//) is the 
fraction of detection attempts where the transition is on 
(off), but declared to be off (on) since the count is below 
(above) the set threshold. With a threshold of 0.5 we de- 
duce measurement fidelities (1 — e) of 0.63, 0.77, and 0.84 
for the 10, 30, and 50 fis time bins, respectively. These 
numbers are satisfactory when compared to spin relax- 
ation timescales and single-shot read-out is in principle 
possible with sufficient margin with respect to all spin re- 
laxation times of Fig. 3(c). However, for finite magnetic 
fields the optically induced spin-flip time sets the natural 
limit for (non-destructive) readout in trionic transition of 
a single QD configuration, necessitating a measurement 
time much shorter that 1 /iS. Alternatively, a different 
QD system demonstrating similar optical measurement 
and spin relaxation timescales, but not limited by such a 
short optically induced spin-flip time can be utilized for 
this purpose. One strong candidate for using TRRF to 
reveal spi n q uantum jumps is tunnel- coupled quantum 



dot pairs [2J, |25| , where one QD confines a single excess 
electron and the other QD is in neutral charge configu- 
ration. In such a system, the frequency selective probing 
of the \l) transition (spectrally shifted from the 

IT) ^ ITitl") transition) with our TRRF technique is ex- 
pected to yield real-time dynamics of electron spin based 
on the measured timescales reported here. 

In summary, we have shown that the time-resolved res- 
onance fluorescence technique introduced here allows for 
accurate and direct measurement of parameters essential 
to QD electron spin dynamics, namely excitation spin-flip 
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Figure 4: (Color online) (a) Real-time monitoring of the pho- 
ton stream scattered from the transition at zero mag- 
netic field (the first 50 ms) and the background counts (the 
second 50 ms) with a time-bin of 50 /is (left panel), and (b) 
the corresponding histograms. 



scattering and spin relaxation timescales. In addition to 
demonstrating near-background free QD emission at the 
51 ?» F resonant excitation regime, we have also shown ex- 
plicitly the crossover, from hypcrfine to hole-mixing, in 
the mechanism that mediates the optically induced flip 
of the spin. We have further observed a single magnetic 
field dependence of the spin relaxation rate down to 2.2 
Tesla which indicates that the dominant reason for spin 
relaxation is single-phonon assisted spin-orbit coupling 
mechanism. Our results indicate that sub-microsecond 
real-time resolution is necessary for the single-shot mea- 
surement of spins using resonant excitation for a single 
QD configuration, which we do not demonstrate in this 
work. A signal to noise improvement of 3-10, or working 
with coupled QD systems with our signal-to-noise values 
would in principle allow this type of direct monitoring. 
Another natural extension of this work will be looking for 
correlations between QD anisotropy and electron spin re- 
laxation rates. 
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